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Abstract  The double stall phenomenon for airfoil flows is characterised by at
least two distinct stall levels to identical inflow conditions. In this work, a likely
explanation of double stall was found. Observations on full-scale rotors, in wind
tunnel experiments and in computational fluid dynamic (CFD) calculations
could show at least two different distinct lift levels to identical inflow condi-
tions in stall. The CFD calculations revealed a generation of a little laminar
separation bubble at the leading edge of the airfoil for incidences near maxi-
mum lift. The bursting of this bubble could explain the sudden shift in lift lev-
els. This investigation indicated that bursting would appear if the maximum po-
sition of the free transition point was close to the minimum position of the tran-
sition point causing leading-edge stall. Thus, the investigation indicated that
double stall could be predicted from CFD calculations and that double stall
therefore could be avoided in design of new airfoils.
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List of symbols
A Blade segment area
c Chord length
CL=CNcos()+CTsin() Lift coefficient
CL,max Maximum lift coefficient
CN=FN/(qA) Normal force coefficient
Cp=(p-p0)/q Pressure coefficient
CT=FT/(qA) Tangential force coefficient
FN Force normal to chordwise direction (positive to-
wards the upper surface)
FT Force in chordwise direction (positive against
flow direction)
h Height of laminar separation bubble
l Length of laminar separation bubble
q=U2/2 Dynamic pressure
p Pressure on the airfoil surface
p0 Pressure in the far field
R Rotor radius
Re = Uc/ Reynolds number based on airfoil chord
U Free stream velocity
x, y Cartesian co-ordinates. x in chordwise direction
and y normal to the chord. Origo at the leading
edge.
xtr Transition point location
xtr,stall Min. xtr causing leading-edge stall assuming fixed
transition
xtr,max Max. xtr when assuming free transition
y0.0125c Upper-surface ordinate at 0.0125 chord
 Angle of attack
 Kinematic viscosity
 Density
0.020C Angle of tangent to the upper surface at 0.020
chord
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1 Introduction
Continuous operation in stalled conditions is unique for wind turbines compared
to, e.g., helicopter rotors. Research in this field has revealed new details about
the mechanisms of massive flow separation on a rotating wing. Three-
dimensional and rotational effects (Milborrow, 1985, Rasmussen et al., 1988
and Madsen and Rasmussen, 1988) and dynamic stall (McCroskey, 1981) are
important phenomena with strong influence on the maximum power and on the
dynamic loads. Another important phenomenon is ‘double stall’. The term
‘double stall’ originates from observations made early in the development of the
stall-regulated turbines. Plots of power against wind speed showed two or more
distinct power levels at high wind speeds. Each level could exist in periods
ranging from minutes to hours. Likewise, the measurements of the blade root
bending moments showed the distinct levels.
Double stall is undesirable for several reasons. It causes uncertainty in the es-
timation of the annual energy production and on the maximum loads on the tur-
bine. More seriously, stall induced vibrations may be influenced by the quite
different flow conditions and corresponding dynamic airfoil forces, which are
related to double stall.
The objectives of the present work are first to describe different observations
of double stall in full-scale rotor measurements and wind tunnel experiments.
Next, possible causes of double stall are discussed. One of these causes, which
is laminar separation bubbles at the leading edge of the airfoil, is described in
detail based on the available literature on stall and based on detailed CFD cal-
culations.
2 Experimental observations
Double stall has been observed on full-scale rotors and on airfoils in wind tun-
nel experiments. In the following section some of these observations will be
described to verify the existence of double stall and to show that double stall
originates from different distinct lift levels on the blades.
2.1
 
Rotors
Although observations of distinct different maximum power levels were made
in the mid-eighties, no measurements relating to this specific subject seem to
have been published from that period. Measurements on Danwin 23 180 kW
turbines in the Alta Mesa wind farm in California (Pedersen et al., 1991) show
two distinct stall levels in the rotor power as well as in the blade loads. The dif-
ference in level of the edgewise-bending moment is about 30%. The blades are
based on the NACA 63-2nn series.
Other measurements by Bonus (1997) on a 600kW wind turbine give the
electrical power as a function of wind speed at nacelle height as shown in
Figure 2.1. The data are in the form of 10 min. average values for a period of
one day. A drop in power output of about 150 kW, corresponding to 25%, is
seen for a period of about one hour, after which the power regains its normal
value. The loss of power occurred at a wind speed of about 16 m/s, which corre-
sponds to a geometric angle of attack of approximately 16 and a Reynolds
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number Re2.6x106 at 0.9R for the particular blades. NACA 63-4nn series are
used on the outer part of these blades, with NACA 63-415 at the tip, gradually
changing to NACA 63-418 at 0.6R.
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Figure 2.1. Measured electrical power for a 600 kW turbine. 10 minutes aver-
age values, Re=2.0-2.7x106, Bonus (1997).
2.2
 
Blade section on rotor
As part of the Risø Horizontal-Axis Wind Turbine (HAWT) experiments (Mad-
sen, 1991), instantaneous local airfoil data were measured on a rotating LM 8.5
m blade at 0.68R. The blade is based on the NACA 63-2nn series with NACA
63-212 at the tip and gradually changing to NACA 63-218 at 0.5R and NACA
63-224 near the blade root. At 0.68R, the relative thickness ratio is 15.7%. The
measured quantities versus angle of attack are the coefficients, CN=FN/(qA) and
CT=FT/(qA), where FN and FT are the forces in the normal and tangential direc-
tion relative to the blade chord, respectively, q is the dynamic pressure and A is
the area of the investigated blade segment. Such data are shown in Figure 2.2
from a 20 sec. time sequence (scan rate 25 Hz). Two preferred levels for the
normal force coefficient, CN, of approximately 1.5 and 1.3, can be identified
with several shifts in between. To verify that the shifts between the two levels
are double stall the number of samples are plotted versus CN, reflecting double
stall for  between 16 and 17, Figure 2.3. The two preferred CN levels are re-
flected in the peaks in Figure 2.3 for CN1.3 and CN1.5. The samples corre-
spond to wind speeds around 10 to 11 m/s, assuming  to be geometrical, and
Re1.7x106. The two levels for CT are less pronounced.
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Figure 2.2. Measurement of instantaneous CN and CT on a full-scale rotating
blade, Re1.7x106, Madsen (1991).
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Figure 2.3. Number of samples versus CN on a full-scale rotating blade,
Re=1.7x106, corresponding to the CN-values for  between 16 and 17 in
Figure 2.2.
2.3
 
Blade section in wind tunnel
To investigate the stall behaviour without rotational effects, the blade used in
the above experiment was also tested in a 4x4 m open-jet wind tunnel of cross
section 7.5x7.5 m (Madsen and Rasmussen, 1993). The 4 m wide jet is centred
on the blade section at 0.68R. The angle of attack,  is increased in steps of
0.75 and remains constant for about 10 seconds on each step. Instantaneous
measurements (scan rate 32 Hz) of CN and CT are shown in Figure 2.4. For 
ranging from 16 to 28, there is considerable scatter in the data and at least two
CN and CT levels can be identified. A detailed analysis shows two preferred lev-
8 Risø-R-1043(EN)
els in both CN and CT. The two levels for CN are reflected in Figure 2.5, where
two peaks appear for CN1.2 and CN1.5.
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Figure 2.4. Measurements on a section of a full-scale blade in a 4x4 m open jet
wind tunnel of cross section 7.5x7.5 m, Re=1.4x106, Madsen and Rasmussen
(1993).
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Figure 2.5. Number of samples versus CN for  between 20-22 and 22-24 cor-
responding to the CN-values Figure 2.4.
2.4
 
Non-tapered airfoil section in wind tunnel
To obtain more details about the different lift levels, Fuglsang et al. (1998a)
conducted pressure measurements on a 1.9 m long non-tapered NACA 63-215
airfoil section in the open-jet wind tunnel. At constant =15.3 (near CL,max) CL
was measured as a function of time with a scan rate of 100 Hz, Figure 2.6.
Three different levels of CL can be identified: The low level around 1.0 (be-
tween 0 and 10 sec.), the intermediate level around 1.15 (between 130 and 180
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sec.) and the high level at 1.27 (between 10 and 130 sec.). The shifts between
the lift levels can thus be identified around 10 seconds and 130 seconds. In ad-
dition, tendencies to shifts from the high level to the intermediate level can be
identified around 40 seconds and 70 seconds. Flow visualisation with tufts on
the airfoil section showed the rather different flow patterns associated with the
three levels.
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Figure 2.6. CL versus time measured in a 2D test of a 1.9 m long blade section.
 and average tunnel speed is constant, =15.3, Re=1.3x106, Fuglsang et al.
(1998a).
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Figure 2.7. Time averaged Cp distributions corresponding to the three distinct
CL levels in Figure 2.6, Fuglsang et al. (1998a).
Finally, the three pressure distributions, Cp, corresponding to the different CL
levels are shown in Figure 2.7, where Cp=(p-p0)/q, p is the pressure on the sur-
face and p0 is the pressure in the far field. The suction peak has almost disap-
peared in the pressure distribution for the low CL level, whereas the difference
between the two other pressure distributions mainly concerns the point of sepa-
ration.
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3 Explanations of double stall
Many hypotheses have been posed about the causes of double stall:
 changes in surface roughness, e.g., from rain or bugs,
 changes in turbulence intensity,
 changes in yaw error or wind shear,
 ice accumulation,
 salt crystal accumulation,
 stall hysteresis,
 laminar separation bubbles.
Due to the complex inflow situation in the free wind, it will often be difficult to
reject one or more of the above causes, simply because all the necessary data
are not monitored. This was the reason for carrying out the detailed wind tunnel
measurements where the test conditions are better controlled and monitored.
The wind tunnel measurements on the full-scale blade Figure 2.4 and Figure
2.5, show that without actively changing the average test conditions, two differ-
ent stall levels appear within a wide range of  (16-28) on this particular
blade in three-dimensional flow. However, minor changes in the tunnel turbu-
lence intensity can occur and the flexibility of the blade causes the effective in-
cidence to fluctuate somewhat. The test results in Figure 2.6 confirm the above
results for a rather different experimental set-up with approximately two-
dimensional flow around the airfoil. Finally, the blade section measurements on
the rotor, Figure 2.2 and Figure 2.3, show the same tendency as the wind tunnel
measurements on the same blade, however, with CN on the high level most of
the time.
From the measurements described above we conclude that CL can change
between at least two different levels without any measured changes in external
average conditions. This conclusion is in good agreement with observations de-
scribed in the literature on stall for aeroplane airfoils. Here different distinct lift
levels to identical inflow conditions are observed in the process of stall. Al-
though the term ‘double stall’ is not used in the literature the observations de-
scribed are very close to the observations made on double stall. In the follow-
ing, some of the observations described in the literature on aeroplane airfoils
will be referred.
3.1
 
Classification of stall types
In the investigation of stall in relation to aeroplanes, shifting lift levels to identi-
cal inflow conditions are observed in measurements on airfoil sections. Based
on measurements Jones (1933,1934) describes a kind of race between leading-
edge and trailing-edge stall for airfoils of moderate thickness and incidences
near maximum lift. The process of double stall observed by Fuglsang et al.
(1998a) can be described in the same way. Jones classifies stalling into three
types, which McCullough and Gault (1951) describe in detail as
Risø-R-1043(EN) 11
Trailing-edge stall (preceded by movement of the turbulent separation point
forward from the trailing edge with increasing angle of attack). This appears
typically on thick airfoils.
 Leading-edge stall (abrupt flow separation near the leading edge generally
without subsequent reattachment). This appears typically on airfoils of
moderate thickness.
 Thin-airfoil stall (preceded by flow separation at the leading edge with re-
attachment at a point, which moves progressively rearward with increasing
angle of attack). This appears typically on sharp-edge airfoils and thin
rounded-leading-edge airfoils.
While the trailing-edge and thin-airfoil stall have a smooth development of the
lift as a function of , the leading-edge stall is characterised by a sudden loss of
lift near maximum lift, Figure 3.1.
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Figure 3.1. Sketch of the three stall types
Like Jones, also McCullough and Gault observed that there are some airfoil
sections of intermediate thickness ratios which combine leading-edge stall and
trailing-edge stall. Gault (1957) correlated approximately 150 NACA airfoils
with Reynolds number and a single airfoil ordinate near the leading edge. He
finds the combination of two different stall types on some airfoils. Apart from
the three stall types, Gault thus includes a fourth type of stall in the correlation:
A combined leading-edge and trailing-edge stall. This is shown in Figure 3.2,
where the boundaries between the different types of stall are plotted as Rey-
nolds number versus the upper-surface ordinate at 1.25% chord, y0.0125c.
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Figure 3.2. Stalling characteristics of NACA airfoil sections correlated with Re
and y0.0125c, Gault (1957).
As stated by Gault, the plotted boundaries are reasonably distinct. To emphasise
the limitations and qualitative nature of the correlation he points out that the
stall characteristics of the NACA 230nn-series are inconsistent with the general
results of the analysis. For Reynolds numbers between 1x106 and 3x106 the cor-
relation shows that combined leading-edge and trailing-edge stall will appear on
the NACA 63-212, 63-215, 63-412 and 63-415 airfoil sections resulting in dif-
ferent lift levels.
3.2
 
The mechanisms of leading-edge stall
Jones (1934) and McCullough and Gault (1951) investigated the mechanisms
underlying leading-edge stall. They find a laminar separation bubble at the
leading edge before the abrupt leading-edge stall. Ward (1963) describes the
laminar separation bubble as dependent on transition from laminar to turbulent
flow. This transition occurs downstream of the laminar separation point. The
resulting turbulent layer reattaches to the surface. Failure of the turbulent layer
to reattach is known as ‘bursting’ and leading-edge stall will appear. As stated
by Ward many explanations to the process of bursting have been suggested, but
no agreement is found. Also Ward points out that increased turbulence will
eventually move the transition point ahead of the laminar separation point and
the bubble disappears.
An alternative to bubble bursting as the cause of leading-edge stall is resepa-
ration. Ward suggests that turbulent separation can occur shortly downstream of
reattachment. If the bubble is close to the leading edge, this flow pattern is often
unstable. Thus, the turbulent separation point moves forwards and the bubble
breaks down.
3.3
 
Parameters affecting stall
Gault’s (1957) correlation, Figure 3.2, indicates that the airfoil shape and the
Reynolds number have an effect on the type of stall. Furthermore as described
by Hoerner and Borst (1975), the Reynolds number, the airfoil shape and the
turbulence are important parameters affecting the maximum lift coefficient of
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airfoils. They are factors, which determine the position of separation and thus
maximum lift. Hoerner and Borst show that the maximum lift coefficient in-
creases sharply at a certain Reynolds number except for very thin airfoils. This
is the critical Reynolds number range where the boundary layer flow turns tur-
bulent. This will cause the laminar-type separation from the suction side to dis-
appear when the Reynolds number is increased. For a given nose-radius ratio
(nose-radius relative to chord length) the critical Reynolds number decreases if
the camber increases. In addition, for symmetrical airfoils, increasing the nose-
radius ratio reduces the critical Reynolds number. Hoerner and Borst conclude
that in the vicinity of Re=1x106 all sections with moderate thickness (between 8
and 12%) and small camber (between 0 and 2%) have a marked tendency of
increased maximum lift coefficient as a function of Reynolds number. This is
caused by an improved flow around the nose as the transition to turbulent flow
moves further toward the leading edge. Furthermore, Hoerner and Borst con-
clude that all highly cambered and/or thicker airfoil sections (all sections with
well-rounded noses) do not present difficulties to the flow around the leading
edge. Using an airfoil of moderate thickness and low camber with a critical
Reynolds number in the range of the operating Reynolds number could thus
result in a change of stall type and thereby in a change of maximum lift. For
comparison, the Reynolds number in the presented measurements varied be-
tween 1.3x106 and 2.7x106.
4 Numerical investigation
The literature on stall suggested to us that laminar separation and the associated
strong influence on the stalling characteristics were the mechanisms responsible
for double stall. A numerical investigation was carried out to study this hy-
pothesis in details.
4.1
 
Method
Two-dimensional, steady state CFD calculations were carried out using the
Navier Stokes solver EllipSys2D (Michelsen, 1992, Michelsen, 1994 and Sø-
rensen, 1995). The flow near the leading edge was investigated on the NACA
63-215 and NACA 63-415 airfoils, which have 15% relative thickness and 1.0%
and 2.1% camber, respectively. The influence of the airfoil shape was investi-
gated by comparing the computations on the NACA airfoils to computations on
the RISØ-1 airfoil. This airfoil has 14% relative thickness and 4.4% camber and
is described by Madsen (1994), see Figure 4.1.
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Figure 4.1. The NACA 63-215, NACA 63-415 and RISØ-1 airfoils.
The flow near the leading edge was investigated by analysing the transition
from laminar to turbulent flow for different transition point positions in the
leading edge region. Also free transition was investigated. The free transition
point was found using the Michel criteria, Michel (1951).
All results were calculated with the EllipSys2D code using a three level grid
sequence together with a SIMPLE algorithm (Patankar and Spalding, 1972). A
second order upwind scheme was used for the convective terms in the momen-
tum equations, and the SST k- turbulence model by Menter (1993) modelled
the turbulence. An O-grid consisting of 288x72 cells was generated for each
airfoil.
4.2
 
Results
NACA 63-215
The computed lift curve for NACA 63-215 is shown in Figure 4.2 for fully tur-
bulent and transitional flow, respectively. For  beyond 11, CL for the transi-
tional flow was lower than CL for fully turbulent flow and for =17 CL was
decreased 28%. The decrease in CL for high  was caused by the generation of a
laminar separation bubble. The bubble was generated at =8 and existed until
=17, where the suction side flow suddenly detached and leading-edge stall
appeared. Figure 4.3 shows the length and height of the laminar separation bub-
ble and in addition the position of the transition point. The transitional CL was in
good agreement with the experimental data by Fuglsang et al. (1998a).
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Figure 4.2. CL versus  for Re=1.15x106, with and without transition, NACA
63-215. Experimental CL curve measured by Fuglsang et al. (1998a).
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Figure 4.3. Length and height of the laminar separation bubble and the position
of the transition point versus , Re=1.15x106, NACA 63-215.
Further calculations were carried out near CL,max for =15 to investigate the
influence of the transition point location (xtr) on the laminar separation bubble
and thereby on the lift.
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Figure 4.4. CL versus transition point location (xtr/c). =15, Re=1.15x106,
NACA 63-215.
Figure 4.4 shows how the lift level was affected by the position of the transition
from laminar to turbulent flow in the boundary layer. Three different lift levels
appeared when the transition point was fixed at different chordwise positions
near the leading edge:
 A high level where the transition point was in the interval from 0 to 0.01c,
 An intermediate level where the transition point was between 0.01c to 0.03c
(a laminar separation bubble followed by reattachment was observed as
shown by the streamlines around the nose in Figure 4.6),
 A low level where the transition point was downstream of 0.03c (a laminar
separation followed by severe fluctuations, which was leading edge stall).
A calculation using free transition showed that the transition point was fluctu-
ating in the interval from 0.011c to 0.029c. It was noted that the maximum po-
sition of the fluctuating transition point for the free transition (xtr,max=0.029c)
was close to the fixed transition point, which caused leading-edge stall
(xtr,stall=0.03c). This indicated that a small disturbance could move the free tran-
sition point downstream and cause a shift to leading-edge stall.
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Figure 4.5. CL versus number of iteration for three different cases: Fully turbu-
lent flow, free transitional flow and flow assuming fixed transition at 0.04c.
Re=1.15x106, =15, NACA 63-215.
Although the flow became unsteady as the transition point moved downstream,
the steady-state calculations revealed a qualitative picture of the mechanisms.
Figure 4.5 shows CL versus iteration number in three typical cases. It is seen
that CL was fluctuating in the calculations, where fully turbulent and free transi-
tional flows were assumed. Nevertheless, they were averaged and thereby inter-
preted as steady state. This was in contrast to the calculation assuming fixed
transition at 0.04c where severe fluctuations were observed.
An example of a laminar separation bubble is seen in Figure 4.6 where free
transition was assumed. Pressure distributions are shown in Figure 4.7, for tran-
sition at the leading edge (fully turbulent), free transition and fixed transition at
0.05c.
Figure 4.6. Streamlines around the NACA 63-215 for reattached laminar sepa-
ration, =15, Re=1.15x106 and assuming free transition.
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Figure 4.7. Cp distributions for three different flow modes, Re=1.15x106,
=15, NACA 63-215.
According to Hoerner and Borst (1975) the CL,max level depends on the Rey-
nolds number. CFD computations showed that for fixed =15 CL was in-
creased with Reynolds number for fully turbulent flow as well as for transitional
flow, as shown in Figure 4.8. It was noted that CL fluctuated significantly for the
free transitional flow until Re5x105. These fluctuations originated from lead-
ing-edge stall. Modern wind turbines operate in the Reynolds number range
from 2x106 and 4x106 and in this interval, there was a steep increase in CL for
free transitional flow. This increase originated from a decrease in the laminar
separation bubble, as shown in Figure 4.9, because the laminar separation bub-
ble exists at the leading edge, where also the suction peak exists. The decrease
in the bubble results in an increase of the suction peak and thereby in an in-
crease in CL.
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Figure 4.8. CL versus Reynolds number, =15, NACA 63-215.
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Figure 4.9. Length and height of the laminar separation bubble and the position
of the transition point versus Reynolds number, =15, NACA 63-215.
NACA 63-415
Computations have also been carried out for the NACA 63-415 airfoil, which is
used on many Danish wind turbines. The computed lift curve is shown in Figure
4.10 for fully turbulent and transitional flow, respectively. As it was the case for
the NACA 63-215 CL for the transitional flow was lower than CL for fully tur-
bulent flow for  beyond 11. For =17 CL was decreased 19%, slightly less
than the NACA 63-215 airfoil. Also in this case the decrease in CL for high 
was caused by the generation of a laminar separation bubble. This bubble was
generated at =8 and existed until =17, where the suction side flow sud-
denly detached and leading-edge stall appeared. Figure 4.11 shows the length
and height of the laminar separation bubble and in addition the position of the
transition point.
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Figure 4.10. CL versus  for Re=1.15x106, with and without transition, NACA
63-415.
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Figure 4.11. Length and height of the laminar separation bubble and the posi-
tion of the transition point versus , Re=1.15x106, NACA 63-415.
Calculations carried out near CL,max for =15 to investigate the influence of the
transition point location (xtr) on CL showed the same picture as was observed for
the NACA 63-215 airfoil, Figure 4.12.
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 0.01 0.02 0.03 0.04 0.05 0.06
C L
xtr/c
No
separation
Reattached laminar separation
Detached laminar
separation
Figure 4.12. CL versus transition point location (xtr/c). =15, Re=1.15x106,
NACA 63-415.
With the transition point fixed at different chordwise positions near the leading
edge the calculations resulted in three different lift levels:
 A high level where the transition point was in the interval from 0 to 0.005c,
 An intermediate level where the transition point was between 0.005c to
0.035c (a laminar separation bubble followed by reattachment was ob-
served),
 A low level where the transition point was downstream of 0.035c (a laminar
separation followed by severe fluctuations, which was leading edge stall).
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A calculation with free transition showed that the transition point was fluctuat-
ing in the interval from 0.007c to 0.031c. As for the NACA 63-215 airfoil the
maximum position of the fluctuating free transition point (xtr,max=0.031c) was
close to the fixed transition point, which caused leading-edge stall
(xtr,stall=0.035c). A small disturbance could move the free transition point down-
stream and thus affect a shift to leading-edge stall as in the case of the NACA
63-215 airfoil.
Also the CL dependence of Reynolds number showed the same picture as for
the NACA 63-215 airfoil. Figure 4.13 shows for fixed =15 an increasing CL
as the Reynolds number increases for fully turbulent flow as well as for transi-
tional flow. For the transitional flow leading-edge stall existed until Re4x105.
A steep increase in CL for the free transitional flow was observed in the Rey-
nolds number range between 2x106 and 3x106. This increase originated from a
decrease in the laminar separation bubble, Figure 4.14, as it was the case for the
NACA 63-215 airfoil.
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Figure 4.13. CL versus Reynolds number, =15, NACA 63-415.
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Figure 4.14. Length and height of the laminar separation bubble and the posi-
tion of the transition point versus Reynolds number, =15, NACA 63-415.
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The CFD computations on the NACA 63-415 showed that the characteristics of
this airfoil were the same as for the NACA 63-215 airfoil, concerning the exis-
tence of a laminar separation bubble.
RISØ-1
To investigate the influence of the airfoil shape on the generation of a laminar
separation bubble, computations were carried out for the RISØ-1 airfoil. This
airfoil shape is different from the NACA airfoils, Figure 4.1.
The resulting CL curve is shown in Figure 4.15. Free transition computations
increased CL relative to fully turbulent computations for  less than 16. A
laminar separation bubble near the leading edge was generated in the transi-
tional case as it was the case for the NACA airfoils, but not until  beyond 14.
This bubble caused CL to decrease slightly relative to the fully turbulent calcu-
lation for  beyond 16. For =18, CL for the transitional flow was decreased
only 2.6%. This small difference was due to the airfoil geometry and especially
the nose geometry, which had a strong influence on the position of the transition
point. Figure 4.16 shows the size of the laminar separation bubble and the posi-
tion of the transition point. The computed transitional CL was in good agreement
with the experimental data by Fuglsang et al. (1998b), however CL was slightly
overestimated in stall.
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Figure 4.15. CL versus  for Re=1.5x106, with and without transition. Experi-
mental CL curve measured by Fuglsang et al. (1998b), RISØ-1.
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Figure 4.16. Length and height of the laminar separation bubble and the posi-
tion of the transition point versus , Re=1.5x106, RISØ-1.
Calculations were carried out to investigate the influence of xtr on the laminar
separation bubble and thereby on CL. This was done near CL,max for  be-
cause the stall behaviour around CL,max was of interest for comparison to the
NACA airfoils. The point of transition, xtr, was moved downstream until it
passed 0.06c where the laminar separation bubble was detached. At this condi-
tion, the laminar separation was actually generated below 0.005c. This calcula-
tion resulted in a continuously and slightly decreasing CL level, as shown in
Figure 4.17. A calculation using free transition showed that the transition point
was fluctuating in the range from 0.004c to 0.013c. Here it was noted that the
maximum position of the transition point for free transition, xtr,max=0.013c, was
far from the minimum position of the transition point causing leading-edge stall,
xtr,stall=0.06c.
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Figure 4.17. CL versus transition point location (xtr/c), Re=1.5x106, =18,
RISØ-1.
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Comparing the RISØ-1 airfoil to the NACA airfoils, the CL dependence of Rey-
nolds number showed another picture. Figure 4.18 shows for fixed =18 an
increasing CL as the Reynolds number increases for fully turbulent flow as well
as for transitional flow. For the transitional flow leading-edge stall only existed
until Re2x105. This was below Re4x105, where leading-edge stall was ob-
served on the NACA 63-415 airfoil. In contrast to the NACA airfoils no steep
increase in CL was observed for any Reynolds numbers, even though a laminar
separation bubble existed in all Reynolds number ranges beyond Re=2x105,
Figure 4.19.
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Figure 4.18. CL versus Reynolds number, =18, RISØ-1.
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Figure 4.19. Length and height of the laminar separation bubble and the posi-
tion of the transition point versus Reynolds number, =18, RISØ-1.
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Thus, the RISØ-1 airfoil behaved quite different from the NACA airfoils, con-
cerning the existence of a laminar separation bubble.
Comparison of the investigated airfoil sections
For both the NACA airfoils and the RISØ-1 airfoil, a laminar separation bubble
was predicted when free transition was assumed. The bubble appeared for  >8
for the NACA airfoils, but not until  >14 for the RISØ-1 airfoil. This bubble
caused a drop of 28% and 19% on CL for transitional flow on the NACA airfoils
for =17 in contrast to the RISØ-1 airfoil, where the drop was only 2.6% for
=18. This small drop was due to the nose geometry. The difference in ge-
ometry between the RISØ-1 airfoil and the NACA airfoils was that the RISØ-1
airfoil had a smaller nose radius and a steeper slope of the upper surface near
the leading edge. Thus, the transition to turbulent flow appeared closer to the
leading edge on the RISØ-1 airfoil than on the NACA airfoils. This difference
in the position of transition could have a strong influence on the suction peak
and thus an influence on the lift level.
Calculations on the NACA 63-215 airfoil revealed the existence of a laminar
separation bubble if xtr was fixed until xtr,stall =0.03c. Using free transition we
found xtr,max=0.029. Thus xtr,max was very close to xtr,stall. The free transition bub-
ble could then burst, since leading-edge stall could appear if xtr was slightly be-
yond xtr,max. This mechanism was also present for the NACA 63-415 airfoil. For
the RISØ-1 airfoil the laminar separation bubble existed for transition fixed un-
til xtr,stall=0.06c. Using free transition we found xtr,max=0.013c, far from
xtr,stall=0.06c and the free transition bubble then seemed to be stable. An expla-
nation of double stall could thus be that xtr,max is very close to xtr,stall on airfoils
showing double stall. Other CFD calculations on NACA 64-215 and NACA 64-
221 were in good agreement with this explanation.
5 Stall characteristics correlation
To investigate the influence from the airfoil shape on double stall, we reviewed
the correlation by Gault (1957), Figure 3.2. In this correlation, the stalling char-
acteristics of three out of approximately 150 airfoils were inconsistent with the
general results of the analysis, namely the NACA 23012, 23015 and 23018.
Gault suggests that the stall characteristics of these airfoils were possibly pre-
ceded by an extremely rapid forward progression of the position of turbulent
boundary-layer separation (i.e., a trailing-edge type of stall). Thus, the stall
characteristics would as such agree with the correlation. To verify that the air-
foils showed trailing-edge stall, steady state CFD calculations were carried out
on the NACA 23015 assuming free transition. This showed a movement of the
trailing-edge separation from 99% chord length at =16 to 70% chord length at
=17 and further to 31% chord length at =18 resulting in leading-edge stall
for =18.5. Fluctuations in  in the wind tunnel could thus result in a sudden
leading-edge stall caused by a rapid movement of the trailing-edge separation
toward the leading edge. This indicated that the NACA 230nn series agreed
with the correlation.
However, investigating the stall characteristics of the RISØ-1 airfoil, where
y0.0125c/c=0.0199, showed that combined leading-edge and trailing-edge stall was
expected using the correlation by Gault. This was inconsistent with the obser-
vations by Fuglsang et al. (1998b), who observe only trailing-edge stall.
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To make the correlation work also for other airfoils than NACA airfoils, e.g.,
the RISØ-1 airfoil, another parameter was chosen as the correlating parameter
instead of the upper-surface ordinate. It was assumed that the leading-edge stall
depended on the acceleration of the flow at the leading edge. Thus, we carried
out a correlation for the stalling characteristics with Reynolds number and the
angle of the tangent to the upper-surface at a certain chord station. Figure 5.1
shows a close correlation for the NACA airfoils between y0.0125c/c and the tan-
gent to the upper-surface at 0.02c, 0.020c. Figure 5.2 defines y0.0125c and 0.020c.
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Figure 5.1. 0.020c as a function of y0.0125c/c for 138 NACA airfoils and the RISØ-
1 airfoil.
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Figure 5.2. Definition of y0.0125c and 0.020c.
This correlation using the 2.0% chord station was chosen because numerical
investigations showed that detachment of the laminar flow at =15 for the
NACA 63-215 and 63-415 airfoil sections appeared when the transition point
was at x/c0.03. Whether the flow detached or not depended on the develop-
ment of the boundary layer for x/c<0.03. The correlation for different values of
x/c showed that the best correlation between y0.0125c and 0.020c was found for
x/c>0.015 and surface angles between x/c=0.015 and 0.03 should be chosen.
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Altering the correlation by Gault (1957) from y0.0125c/c to 0.020c gives the picture
in Figure 5.3. Since 0.020c=39.4 for the RISØ-1 airfoil trailing-edge stall could
be expected according to this correlation.
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Figure 5.3. Stalling characteristics of airfoil sections correlated with Reynolds
number and 	0.020c (based on data from Gault, 1957).
The correlation was based on the boundaries limiting the stalling characteristics
drawn by Gault, Figure 3.2. The angles, 0.020c as a function of y0.0125c/c, shown
in Figure 5.1 were averaged in the interval 
y0.0125c/c-0.0025 : y0.0125c/c+0.0025
to get sufficiently smooth limits. The precision of this correlation relative to the
correlation by Gault was typically 0.020c1.5, with a maximum of 0.020c4.0.
In the present correlation, only the airfoils analysed by Gault were used,
Appendix 1.
Since the stall characteristics depends on pressure gradients, transitional phe-
nomena etc. at the nose, it is not believed that one parameter in the form of nei-
ther y0.0125c nor 0.020c can describe the stall characteristics of an airfoil. As em-
phasised by Gault (1957) this kind of correlation is of qualitative nature and can
only give a picture of the parameters of the airfoil geometry affecting the stall
characteristics.
6 Discussion
The numerical investigation of the NACA airfoil sections revealed the existence
of a laminar separation bubble at the leading edge for  between 8 and 17
when assuming free transition. As stated by Ward (1963) the existence of a
laminar separation bubble can lead to bubble bursting. This will cause leading-
edge stall and thereby an abrupt loss of lift. Furthermore, calculations revealed
three possible flow regimes in stall: The trailing-edge stall, the laminar separa-
tion bubble at the leading edge followed by trailing-edge stall, and the leading-
edge stall. The distance between the free transition point and the transition point
that would cause leading-edge stall controlled the three flow regimes. This re-
sulted in three levels of CL. Fuglsang et al. (1998a) describe measurements on a
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NACA 63-215 airfoil section and also find three levels for CL at =15.3. Com-
paring the measured pressure distributions in Figure 2. with predicted pressure
distributions in Figure 4.7, good agreement was found.
Hoerner and Borst (1975) conclude that all highly cambered and/or thicker
airfoil sections do not present difficulties to the flow around the leading edge.
Since the RISØ-1 airfoil has 4.4% camber and the NACA 63-215 and NACA
63-415 airfoil have only 1.0% and 2.1% camber, respectively, the numerical
investigations agreed with this conclusion. In addition, the measurements on the
NACA 63-215 and the RISØ-1 airfoil section by Fuglsang et al. (1998a, 1998b)
also support this conclusion. Comparing the NACA airfoils and the RISØ-1 air-
foil, the RISØ-1 nose radius was smaller, and the slope of the upper-surface
near the leading edge was steeper. The steep slope of the upper-surface could
stabilise the flow and the small nose radius could cause transition close to the
leading edge, far from the point of transition where leading-edge stall would
appear, xtr,stall. This could avoid bursting of the laminar separation bubble and
thereby avoid double stall.
The wind tunnel experiments and the CFD calculations showed that double
stall appeared near CL,max. Relating these observations to the rotor measure-
ments, good agreement was found. Thus, the loss of lift on the rotor observed
by Bonus (1997) appears near CL,max (geometrically 16 at 0.9R). In the
measurements by Madsen (1991) double stall is also found near CL,max. Gault
(1957) show that double stall can appear on the airfoil sections NACA 63-212,
NACA 63-215 and NACA 63-415. These airfoil sections are used on the outer
part of the rotors showing double stall and it could be expected that these rotors
sometimes show a loss of power.
Figure 6.1. Oil flow visualisation on a rotating blade, Re2.7x106. The arrow
points out the trace of the laminar separation bubble, which is the white line at
the leading edge. The flow is from bottom to top.
Oil flow visualisation on a rotating blade, Figure 6.1, indicates that the laminar
separation bubble observed in two-dimensional flow also exists in three-
dimensional, rotating flow. Figure 6.1 shows that during operation at high wind
speeds, a laminar separation bubble was formed at the leading edge along the
outer blade span. Milborrow (1985) concludes that radial flows sustain and en-
hance suction on the airfoil, delaying stall and enhancing lift. This means that
the rotational effects will influence the flow, in particular around the bubble and
in the separated regions. This may cause the flow to avoid leading-edge stall
and instead have preference for higher lift levels during operation on a rotor
compared to non-rotational flow as indicated by the measurements shown in
Figure 2.2 and Figure 2.4.
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Measurements, numerical investigations and the correlation by Gault (1957)
showed that the stall characteristics depended strongly on the airfoil shape at the
leading edge. A certain change of the geometry around the nose for airfoils
showing double stall could remedy the double stall characteristics.
7 Conclusions
 A likely explanation of double stall was found from CFD calculations on
the NACA 63-215 and NACA 63-415 airfoils. Three different lift levels
were found depending on the location of the transition point near the lead-
ing edge. The generation of a laminar separation bubble at the leading edge
of the airfoil near maximum lift and the bursting of this bubble could ex-
plain the sudden shift in lift levels.
 The investigation indicated that double stall can be predicted from CFD
calculations. Computations on NACA 63-215, 63-415, 64-215, 64-221 and
RISØ-1 airfoil indicated that bursting of the laminar separation bubble
could be predicted. This was done by comparing the maximum position of
transition using free transition with the minimum position of transition
causing leading-edge stall using fixed transition. Bursting and thereby dou-
ble stall could appear if these two positions were close to each other.
 The present investigation indicated that double stall can be avoided in de-
sign of new airfoils.
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Appendix 1 Correlated data
For the correlation based on the correlation by Gault (1957) the data in Table 1
was used.
Table 1. Upper-surface ordinates at the 0.0125-chord station and the angle of
the tangent to the upper-surface at 0.020-chord station (y0.0125C /c	percent
chord
, 0.020C 	
) for different airfoil sections and different relative thickness.
NACA Thickness ratio,
airfoil percent chord
series 6 8 9 10 12 15 18 21 24
00XX 0.95, 15.28 1.26, 20.02 1.42, 22.29 1.58, 24.49 1.89, 28.66 2.37, 34.34 2.84, 39.34 3.31, 43.72 3.78, 47.54
24XX 1.11, 20.14 1.45, 24.51 1.62, 26.57 1.80, 28.55 2.16, 32.27 2.71, 37.25 3.28, 41.63 3.87, 45.41 4.47, 48.69
44XX 1.28, 24.75 1.84, 30.59 2.45, 35.65 3.08, 39.95 3.76, 43.68 4.47, 46.82 5.22, 49.52
230XX 1.42, 26.61 2.03, 31.70 2.67, 35.90 3.36, 39.44 4.09, 42.34 4.85, 44.76 5.66, 46.79
16-0XX 0.65, 11.04 0.97, 16.31 1.29, 21.31 1.61, 25.99 1.94, 30.33 2.26, 34.32
63-0XX 0.77, 12.21 1.15, 18.00 1.27, 20.00 1.52, 23.85 1.88, 28.80 2.21, 33.65 2.52, 38.25
63-2XX 0.89, 15.45 1.29, 20.91 1.43, 22.79 1.69, 26.38 2.08, 30.87 2.46, 35.27 2.82, 39.47
63-4XX 1.02, 18.57 1.44, 23.69 1.87, 28.75 2.30, 32.78 2.72, 36.89 3.13, 40.83
64-0XX 0.75, 11.43 1.00, 15.07 1.13, 16.89 1.25, 18.71 1.49, 22.33 1.84, 27.41 2.18, 32.16 2.51, 36.34
64-2XX 0.88, 14.67 1.14, 18.12 1.27, 19.84 1.40, 21.54 1.66, 24.92 2.04, 29.61 2.41, 33.99 2.79, 37.81
64-4XX 1.00, 17.81 1.41, 22.65 1.83, 27.35 2.24, 31.64 2.65, 35.75 3.08, 39.30
65-0XX 0.72, 10.16 0.94, 13.63 1.06, 15.29 1.17, 16.95 1.39, 20.27 1.70, 25.36 2.01, 29.36 2.30, 33.24
65-2XX 0.84, 13.46 1.19, 18.35 1.31, 19.92 1.54, 23.05 1.88, 27.82 2.22, 31.55 2.54, 35.23
65-4XX 0.96, 16.66 1.33, 21.28 1.46, 22.75 1.70, 25.69 2.07, 30.12 2.44, 33.61 2.79, 37.16
66-0XX 0.69,  9.45 0.92, 12.57 1.03, 14.08 1.14, 15.59 1.36, 18.53 1.67, 22.71 1.95, 27.83 2.24, 31.50
66-2XX 0.81, 12.77 1.16, 17.16 1.28, 18.60 1.51, 21.35 1.85, 25.25 2.15, 30.07 2.47, 33.48
66-4XX 0.94, 15.99 1.30, 20.13 1.67, 24.03 2.03, 27.63 2.36, 32.17 2.71, 35.39
63A0XX 0.75, 12.47 1.00, 16.43 1.25, 20.29 1.49, 24.02 1.84, 29.23
64A0XX 0.74, 11.88 0.98, 15.70 1.22, 19.39 1.46, 22.84 1.81, 27.82
65A0XX 0.72, 11.12 0.95, 14.79 1.18, 18.29 1.41, 21.54 1.75, 26.49
RISØ-1 airfoil: 1.99, 39.41
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The double stall phenomenon for airfoil flows is characterised by at least two
distinct stall levels to identical inflow conditions. In this work, a likely explana-
tion of double stall was found. Observations on full-scale rotors, in wind tunnel
experiments and in computational fluid dynamic (CFD) calculations could show
at least two different distinct lift levels to identical inflow conditions in stall.
The CFD calculations revealed a generation of a little laminar separation bubble
at the leading edge of the airfoil for incidences near maximum lift. The bursting
of this bubble could explain the sudden shift in lift levels. This investigation
indicated that bursting would appear if the maximum position of the free transi-
tion point was close to the minimum position of the transition point causing
leading-edge stall. Thus, the investigation indicated that double stall could be
predicted from CFD calculations and that double stall therefore could be
avoided in design of new airfoils.
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